, respectively. Notably, the bent shape of the tetramer explains how dynamin assembles into a right-handed helical oligomer of defined diameter, which has direct implications for its function in membrane constriction.
The three highly conserved vertebrate isoforms of dynamin contain five distinct domains (Extended Data Fig. 1a ): an N-terminal GTPase (G) domain mediating nucleotide binding and hydrolysis, a bundle signalling element (BSE), a stalk, a pleckstrin homology (PH) domain involved in lipid binding, and a proline-rich domain (PRD) mediating interactions with scaffolding proteins containing BAR-and SH3-domains 6 . To exert its function in clathrin-mediated endocytosis (CME), dynamin assembles via the stalks into a helical array surrounding the necks of invaginating clathrin-coated pits 7, 8 . Dimerization of GTP-bound G domains from neighbouring helical rungs induces GTP hydrolysis 9 . The ensuing conformational changes are thought to be transmitted from the G domain via the BSE to the stalk, resulting in a sliding motion of adjacent helix rungs, concomitant helix constriction 10 , and eventually membrane scission. The inherent tendency to form large assemblies at high protein concentrations has hampered crystallization of dynamin in the past. Previously, the use of nonoligomerizing mutants led to the determination of dynamin 1 crystal 2, 3 ; however, the postulated higher-order assembly interface was not resolved in these structures, leaving the oligomerization mechanism unaddressed. We reasoned that an alternative assemblyaffecting mutation, such as K361S in dynamin 3 (ref. 11) , might disturb the oligomerization interface to a lesser extent than the previously used mutants. We obtained crystals of nucleotide-free dynamin 3(K361S) lacking the PRD (dynamin 3(K361S/DPRD)) that diffracted to 3.7 Å (Methods, Extended Data Fig. 1 , Extended Data Table 1 ). The asymmetric unit of the crystal lattice contained a dynamin tetramer that did not form the filamentous superstructures seen for dynamin 1 (refs 2, 3) .
The dynamin tetramer consists of two dimers, each of which assembles via the previously described interface 2 (refs 2, 3, 12-14) (Fig. 1, Extended Data Fig. 2a, b) . Different dimerization and assembly models were derived from electron microscopy (EM) reconstructions and cross-linking experiments 9 . These models, however, are not compatible with the architecture of the dynamin tetramer (Extended Data Fig. 2c ). To provide further evidence for dimerization via interface 2, we introduced the triple mutation I481D/H677D/ L678S in dynamin 3(DPRD) and the corresponding mutation (I481D/H687D/L688S) in dynamin 1(DPRD). These mutants were monomeric in analytical ultracentrifugation experiments (Extended Data Fig. 2d ). Thus, dimerization via interface 2 is indeed a general feature of dynamin and dynamin-like proteins. This conclusion receives additional support from recent cross-linking data 15 . Dynamin 3 dimers further assemble into tetramers via interface 1 and interface 3 ( Fig. 1 and Extended Data Fig. 3a) . Interface 1 at the top of the stalk features four hydrophobic residues that are highly conserved in the dynamin superfamily ( Fig. 1 and Supplementary Fig. 1 ). The main contributors for interface 3 are loop L1N S (superscript S denotes belonging to the stalk) of the 'inner' and loop L2 S of the 'outer' stalks ( Fig. 1) , which mediate an intricate interaction network involving all four stalks (Extended Data Fig. 3a) . Accordingly, these loop regions are well defined in the inter-dimer interface (Extended Data Fig. 3b ), but not at the outer, non-assembled sides of the tetramer. Previous studies have shown that mutation of R399 in loop L2 S completely destroys higher-order assembly and dynamin function 2, 3, 11 . In our structure, R399 of an outer molecule forms salt bridges to E410 in the a2 S helix and to E345 in L1N S in the outer and inner molecules of the opposite dimer, respectively. In the hydrophobic core of interface 3, L402 and F403 in L2 S of outer molecules interact with F493, F496, L655 and T651 of outer molecules in the neighbouring dimer ( Fig. 1 and Extended Data Fig. 3a) . Mutation of F403 and of E410 yielded predominantly dimeric protein and compromised liposome binding as well as liposome-stimulated GTPase activity (Fig. 2a-c) . In dynamin 2, the F403A mutation substantially interfered with CME, as monitored by transferrin internalization (Fig. 2d) . The effect of E410A on CME was less pronounced (Fig. 2d) , as the structural defect may in part be compensated by the second salt bridge that R399 forms to E345 (Fig. 1, Extended Data Fig. 3a) . L1N S of an inner stalk also interacts with a1C S of an outer stalk. Accordingly, mutation of N-terminal (S347A/G348A/D349A), central (Q350A/V351A/D352A/T353A) or C-terminal (L354A/E355A/ L356A/S357A) residue stretches in L1N S interfered with tetramerization (Fig. 2a) . The central and C-terminal, but not the N-terminal mutations compromised liposome binding and assembly-stimulated GTPase activity (Fig. 2b, c) . The Q350A/V351A/D352A/T353A mutant showed a reduced ability to sustain CME of transferrin, whereas the L354A/E355A/L356A/S357A mutant displayed a dominant-negative effect in transferrin uptake assays (Fig. 2d) . The Charcot-Marie-Tooth neuropathy-related mutation G358R (refs 16, 17) is located in the C terminus of L1N S (Extended Data Fig. 3c ). This mutation led to a dimeric mutant that did not bind to liposomes (Fig. 2a-c) . Likewise, it exhibited a dominant-negative effect on CME (refs 16 and 17, and Fig. 2d ). The bulky arginine side chain probably interferes with the proper binding conformation of L1N S . Interestingly, the mutants L354A/E355A/L356A/S357A, G358R and F403A were still recruited to clathrin-coated pits; these pits, however, remained stable at the membrane surface (Extended Data Fig. 3d) . Thus, the function of dynamin at clathrin-coated pits, but not its recruitment, depends on an intact interface 3.
The dimers in the dynamin tetramer are asymmetric concerning the PH domain and the orientation of the G domain and the BSE (Fig. 1) . Compared to an outer molecule, G domains of inner molecules are tilted by approximately 40u around hinge 1 between the BSE and the stalk (Extended Data Fig. 4a ). The PH domains of the outer molecules bind to a conserved surface of the stalk (Fig. 3a, b) , a similar site as in dimeric dynamin 1 (ref. 2) (Extended Data Fig. 4b ). The assignment of the visible PH domains to the outer molecules is unambiguous (Extended Data Fig. 4c ). The PH domains of the inner molecules were not resolved in the electron density (Extended Data Fig. 4d) . Modelling of the inner PH domains to positions equivalent to those observed for the outer molecules leads to clashes with the outer stalks ( Fig. 3c and Extended Data Fig. 4e) . Apparently, the PH domains have to be released from their autoinhibitory site for oligomerization to proceed. In keeping with this assumption, a dynamin 3 variant lacking the PH domain assembled in the absence of membranes and the presence of nucleotides more efficiently into regular oligomers than did wild-type dynamin 3 (Extended Data Fig. 5a-c 
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G2015 Macmillan Publishers Limited. All rights reserved on its own and did not need a specific membrane curvature for binding. At physiological salt concentrations, dynamin 3 efficiently bound to and tubulated unfiltered Folch liposomes (Extended Data Fig. 5d , e). This is in line with the presence of a tyrosine in position 596, which has been suggested to serve as a determinant for curvature generation versus curvature sensing 18 . When expressed in mammalian cells, dynamin 2(DPH) formed large, presumably cytosolic aggregates that failed to co-localize with clathrin and interfered with transferrin uptake in a dominant-negative fashion (Extended Data Fig. 5f, g ), as has been shown previously for dynamin 1(ref. 19 ). These results indicate that the PH domain has important functions in oligomerization and membrane binding.
To investigate this dual function of the PH domain, we inserted the mutations R364S, R518H, R518D and E355A into the interface between the PH domain and stalk (Extended Data Fig. 6 ). Similar to nearby interface-3 mutants, most of these mutations impeded assembly, liposome binding, liposome-stimulated GTPase activity and transferrin uptake. In contrast, the mutation R518D enhanced oligomerization and GTP hydrolysis, as previously described for mutants in the PH-domain-stalk interface 2, 20 . Molecular dynamics (MD) simulations were carried out and analysed by Markov models [21] [22] [23] to characterize the dynamics of the PHdomain-stalk interface and its interplay with interface 3 ( Fig. 3 and Extended Data Fig. 7) . The simulations showed that E355 and K361, together with R518 and R364, are part of a network of polar interactions (Extended Data Fig. 7a ) that can rapidly interconvert leading to three distinct binding modes (Fig. 3c) . The preferred binding interaction of the PH domain with the stalk was the autoinhibitory 'closed' conformation found in our crystals. In two other 'open' conformations, the PH domain was shifted along the stalk to a position where it did not interfere with oligomerization, indicating a dynamic equilibrium of oligomerization-permissive and non-permissive binding modes. The mutation K361S resulted in the appearance of a fourth, highly populated conformation that was also autoinhibitory for oligomerization, whereas no oligomerization-permissive binding modes were detected (Fig. 3c, d ). Further MD simulations and Markov models of the stalk with a dissociated PH domain indicated that the mutant K361S predominantly stabilizes the loop L1N S in a conformation that is not adopted in the wild type (Extended Data Fig. 7c ). Together, these results may explain the reduced oligomerization capacity of K361S, which is dimeric in solution (Extended Data Fig. 6c ). A set of highly conserved charged residues including K361 apparently regulates both the autoinhibitory interaction with the PH domain and interactions with L1N S , thereby tightly coupling autoinhibition and oligomerization.
Comparison of the dynamin tetramer with the filament-like arrangements observed in the crystal structures of dynamin 1 (refs 2, 3) shows that the tetramer is bent, such that the angle between the outer stalks is changed by 20u (Figs 1 and 4a ). We constructed a dynamin oligomer by stepwise addition of tetramers to the free ends of the growing dynamin assembly, using the geometry of interface 3 to connect the tetramers. This led to a right-handed helix (Fig. 4b) , closely matching the dimensions of the dynamin 1 helix in the non-constricted, nucleotide-free state 24 . These observations indicate that formation of a right-handed dynamin helix at the surface of a tubular membrane is an intrinsic feature of stalk assembly via interface 3. The bent shape of the tetramer appears to dictate the curvature of a membrane tubule around which dynamin preferentially oligomerizes 24, 25 . Constriction of membrane tubules to inner diameters smaller than 16 nm requires active GTP turnover and the associated G domain interactions across helical turns. 
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Comparison of our structure with a recent cryo-EM model of a superconstricted dynamin helix 26 (Extended Data Fig. 2c ) suggests that constriction of the dynamin helix is driven by conformational changes in the stalk interfaces.
The stalks of our helix model fit well into a cryo-EM map of nucleotide-free dynamin 1 assembled around a lipid tubule 24 ( Fig. 4b ), but the PH domains and the G domains protrude from the electron density ( Fig. 4b inset and Extended Data Fig. 8a ). Apparently, the PH domains are shed from the autoinhibitory stalk interface to bind the membrane tubule, whereas the G domains move upwards from their positions. To explain the assembly of dynamin, we propose an equilibrium between PH domains bound (as seen for the outer molecules) and unbound (as for the inner molecules) to their stalks. In the cytosol, this equilibrium lies to the autoinhibited tetramer to prevent untimely oligomerization. Centronuclear-myopathy-related mutations in the interface between the stalk and PH domain ( Fig. 3b and Extended Data Fig. 9 ) shift the equilibrium towards the oligomerized state, thereby leading to disease. Upon dynamin recruitment by accessory proteins to endocytic sites, the equilibrium is driven towards the assembly-competent conformation. This hypothesis is supported by studies showing that, in vivo, dynamin helices are built by incorporation of dimer or tetramer units rather than larger preformed dynamin assemblies 27, 28 . Further interactions, which may influence the assembly equilibrium, occur between the BSE and stalk, or the G domain and PH domain of adjacent dimers (Extended Data Fig. 8b-d) . In this view, the effect of the disease-relevant mutation R465W may be explained. In the tetramer, R465 of an outer molecule is in close vicinity to the inner BSE of an adjacent dimer and a tryptophan at this position is likely to modify this interaction resulting in enhanced oligomerization.
A striking feature of dynamin assembly is the multitude of interactions in all four molecules of the tetramer (Extended Data Fig. 3a) . Our results indicate that these contacts are not necessarily static, but are characterized by a dynamic equilibrium of different binding conformations. The formation of new interactions during assembly is compensated for by the release of autoinhibitory contacts in the dynamin tetramer. Such an assembly mode that involves many low-affinity interaction sites facilitates reversibility and allows regulation, for example through nucleotide binding, hydrolysis or phosphorylation 29 .
It is the basis for the particular interaction mode of the semi-solid dynamin polymer with its protein and membrane environment, which has been previously identified in other CME proteins and has been coined as 'matricity'
.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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METHODS
Protein expression and purification. Human dynamin 3 (splice form abb 31 , residues 1-754) and indicated mutants of this construct were expressed from the pProEx-HTb vector (Invitrogen) as N-terminal His 6 -tag fusion followed by a tobacco etch virus (TEV) cleavage site. The crystallized construct contained the K361S mutation. Proteins were produced in Escherichia coli host strain BL21(DE3), and expression was induced by addition of 0.1 mM isopropyl-b-Dthiogalactopyranoside. Cells were grown over night at 20 uC in terrific broth medium. The following procedure was used for purification of dynamin 3(K361S) for crystallization. Cells were resuspended in buffer A300 (50 mM HEPES-NaOH (pH 7.5), 300 mM NaCl, 15 mM imidazole and 2 mM MgCl 2 ) including 1 mM phenylmethylsulfonyl fluoride and 0.1% v/v NP-40, and disrupted by sonification. Cleared lysates (30,000g, 1 h, 4 uC) were applied to a Ni 21 -NTA column (Qiagen). The column was sequentially washed with buffer A300 and with buffer A100 (100 mM NaCl). Protein was eluted with buffer A100 containing an additional 285 mM imidazole. Fractions containing human dynamin 3 were pooled and diluted with an equal volume of 50 mM HEPES-NaOH (pH 7.5). The diluted protein was loaded onto a HiLoad SuperQ anion exchange column (GE Healthcare) equilibrated with buffer B50 (in which 50 refers to the NaCl concentration) containing 50 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 2 mM DTE and 1 mM MgCl 2 . After washing with buffer B50, bound proteins were eluted with a linear gradient from 50 to 500 mM NaCl. Fractions containing human dynamin 3 were pooled, 1 mg TEV per 10 mg dynamin 3 was added, and the protein incubated on ice for 4 h. The solution was concentrated using 50 kDa molecular weight cut-off concentrators (Amicon) and applied onto a Superdex 200 gel filtration column (GE Healthcare) equilibrated with buffer B100. Fractions containing dynamin 3 were pooled, concentrated and flash-frozen in liquid nitrogen.
Wild-type and mutant dynamin 3 used for biochemical and biophysical assays were expressed in E. coli Rosetta2-BL21-DE3 in autoinduction medium (Novagen) and purified using a Co 21 -Talon column, followed by overnight TEV cleavage (4 uC, 30 mg per 1 mg fusion protein), dilution/concentration in concentrators for imidazole removal and a second Co 21 -Talon column run for His 6 -TEV and uncleaved His 6 -dynamin capture. Finally, the peak fractions from a Superdex 200 gel filtration containing dynamin were pooled, concentrated to maximal 20 mg ml 21 and flash frozen in liquid nitrogen. The purification buffer contained 20 mM HEPES-NaOH, pH 7.8, 500 mM NaCl, and 2 mM MgCl 2 (plus 100 mM imidazole for elution, plus 2.8 mM b-mercaptoethanol during TEV cleavage). The purified protein was nucleotide-free, as confirmed by high-performance liquid chromatography analysis (see below for details). Crystallization and structure determination. Crystallization trials by the sittingdrop vapour-diffusion method were performed at 4 uC using a mosquito LCP pipetting robot (TTP Labtech) and Rock Imager storage system (Formulatrix). Human dynamin 3 in 150 nl volumes at a concentration of 20 mg ml 21 was mixed with an equal volume of reservoir solution from commercially available preformulated screens (Qiagen). On a preparative scale, 2 ml of protein solution was mixed with 2 ml of reservoir solution containing 100 mM MES-NaOH (pH 6.5) and 15% 2-methyl-2,4-pentanediol. Crystals appeared after three to five days and reached final dimensions of up to 0.5 mm 3 0.3 mm 3 0.3 mm. Crystals were cryoprotected by immersion in reservoir solution added with increasing amounts of ethylene glycol with the final solution containing 17% v/v ethylene glycol. Cryoprotected crystals were flash-cooled in liquid nitrogen. Data were recorded at beamline PXI-X06SA at the Swiss Light Source (Villigen, Switzerland). Native data from a single crystal was processed and scaled using the program package XDS 32 . The structure was solved by molecular replacement with Phaser 33 using the structure of the nucleotide-free rat dynamin 1 G domain (2AKA), the stalk of human dynamin (3SNH) and the human PH domain (1DYN) as search models. The model was built using Coot 34 and iteratively refined using Phenix 35 with noncrystallographic symmetry (NCS) between the outer and the inner molecules, respectively, with reference model restraints against an artificial dynamin construct composed of the high resolution search model domains, and with one translation-libration-screw (TLS) group per domain.
Owing to weak electron density, all residues of the G domains of the inner molecules were chopped at the Cb atoms, and the whole domains were refined as rigid bodies. In the final model, the outer molecules have disordered regions in the L1N S loop, the L1 SP and L2 SP loops and the L5 P loop, and the inner molecules in the hinge 1 region and the L2 S loop. Furthermore, the complete PH domains of the inner molecules are not resolved in the electron density. The structure was refined to R work /R free of 23.2%/27.8%. Of all residues, 94.5% are in the most favoured regions of the Ramachandran plot and 0.6% (15 out of 2,500) of residues are in the disallowed regions, as analysed with Molprobity 36 . Figures were prepared with PyMOL 37 . Domain superpositions were performed with lsqkab 38 . Sequences were aligned using Clustal W 39 and adjusted by hand. The model of the right-handed dynamin 3 helix was fitted manually into the EM map using PyMOL 37 and Chimera 40 . Analytical ultracentrifugation. Sedimentation velocity experiments were carried out in a ProteomeLab XL-I analytical ultracentrifuge (Beckmann Coulter) at 35,000 r.p.m. and 20 uC using an An-50 Ti rotor. Concentration profiles were measured using the manufacturer's data acquisition software ProteomeLab XL-I Version 6.0 (Firmware 5.7) with the absorption scanning optics at 280 nm. Sedimentation velocity analysis was performed in a buffer containing 0.15 M NaCl, 50 mM HEPES-NaOH (pH 7.5) in 3 or 12 mm standard double sector centrepieces filled with a 100 ml or 400 ml sample, respectively. For data analysis, a model for diffusion-deconvoluted differential sedimentation coefficient distributions (continuous c(s) distributions) implemented in the program SEDFIT 41 was used. For proteins sedimenting as a single species, molecular masses were obtained from c(s) analysis as calculated from the s-value and diffusion broadening of the sedimenting boundary. Dynamin 3(K361S/R399A/DPRD) mutant, analysed in a concentration range from 4 to 23 mM, showed a single peak in c(s) distributions with a sedimentation coefficient slightly decreasing with increasing protein concentration (data not shown). Owing to hydrodynamic non-ideality, this is expected for a protein that does not change its oligomerization state with concentration 42 . Extrapolation to zero concentration yielded s 20,w 5 6.4 S and a molecular mass of 160 kDa was obtained from c(s) analysis. Since the molecular mass of the monomer as calculated from the amino acid composition is 86 kDa, this mutant forms dimers in solution. For comparison, all other mutants were analysed at a concentration of about 20 mM. The following molecular masses were obtained from c(s) analyses of mutants that sedimented as a single species: Q350A/V351A/D352A/T353A, 162 kDa; L354A/E355A/L356A/S357A, 164 kDa; G358R, 167 kDa.
Partial specific volume, buffer density and viscosity were calculated from amino acid and buffer composition, respectively, by the program SEDNTERP 43 and were used to correct experimental s-values to s 20,w . Figures were prepared using the program GUSSI (http://biophysics.swmed.edu/MBR/software.html, provided by C. Brautigam). Liposome co-sedimentation assays. Liposomes were prepared as previously described (http://www.endocytosis.org). Folch liposomes (total bovine brain lipids fraction I from Sigma) in 20 mM HEPES-NaOH (pH 7.5), 100 mM NaCl were extruded 13 times through a 0.1 mm filter. The resulting 0.2 mg ml 21 liposomes were incubated at room temperature with 4.0 mM of the indicated dynamin 3 construct for 10 min in 40 ml reaction volume, followed by a 213,000g spin for 10 min at 20 uC. The final reaction buffer contained 25 mM HEPES-NaOH pH 7.5, 140 mM NaCl, 2 mM MgCl 2 and 1 mM KCl. GTP hydrolysis assay. GTPase activities of 1 mM of the indicated dynamin constructs were determined at 37 uC in 25 mM HEPES-NaOH (pH 7.5), 130 mM NaCl, 2 mM MgCl 2 and 1 mM KCl, in the absence and presence of 0.1 mg ml 21 0.1-mm filtered Folch liposomes, using saturating concentrations of GTP as substrate (1 mM for the basal and 3 mM for the stimulated reactions). Reactions were initiated by the addition of protein to the reaction. At different time points, reaction aliquots were 15-fold diluted and quickly transferred to liquid nitrogen. Nucleotides in the samples were separated via a reversed-phase Hypersil ODS-2 C18 column (250 3 4 mm), with 100 mM potassium phosphate buffer (pH 6.5), 10 mM tetrabutylammonium bromide and 7.5% acetonitrile as running buffer. Denatured proteins were adsorbed on a C18 guard column. Nucleotides were detected by absorption at 254 nm and quantified by integration of the corresponding peaks. Rates were derived from a linear fit to the initial reaction (,20% GTP hydrolysed). Electron microscopy. For electron microscopic studies (Zeiss EM910), 2 mM dynamin 3 in 25 mM HEPES-NaOH (pH 7.5), 60 or 150 mM NaCl, 2 mM Samples were spotted on carbon-coated copper grids (Plano GmbH) and negatively stained with 3% uranyl acetate. Transferrin uptake in HeLa cells. HeLa cells (ATCC no. CCL2, identified by their short tandem repeat and isoenzyme profiles) were obtained from ATCC (American Type Culture Collection) and tested for mycoplasma contamination on a routine basis. Cells were cultured for 20-25 passages without further authentication before starting a fresh culture from the immediately ATCC-derived stock. HeLa cells were transfected with siRNA using oligofectamine (Invitrogen). The sequence of the siRNA used to target human dynamin 2 was 59-GCAACUGA CCAACCACAUC-39 (nucleotides 849-867). After 24 h, cells were transfected with pEGFP-N1 (Clontech) or siRNA-resistant rat dynamin 2-pEGFP-N1 using lipofectamine 2000 (Invitrogen). 72 h after siRNA-transfection, cells were serumstarved for 1 h and incubated with 15 mg ml 21 transferrin-Alexa 647 (Molecular Probes, Invitrogen) for 10 min at 37 uC. On ice, cells were washed once with cold
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and 200 mM NaCl to remove surface-bound transferrin. After two washes with cold PBS and 10 mM MgCl 2 , cells were detached from the culture dish by incubating for 5 min on ice with 0.1% Pronase E solution in PBS and 0.5 mM EDTA. Cells were resuspended in 1% bovine serum albumin (BSA) in PBS, pelleted at 300g for 5 min at 4 uC and then fixed in 4% paraformaldehyde, 4% sucrose in PBS for 15 min on ice and a further 20 min at room temperature. Cells were pelleted and resuspended in 1% BSA in PBS and analysed by flow cytometry using a BD FACScalibur. Transferrin fluorescence in GFP-positive cells was quantified and normalized to cells rescued with wild-type dynamin 2-eGFP. No statistical methods were used to predetermine sample size. Localization of dynamin 2-eGFP mutants and analysis of clathrin-coated pit dynamics. HeLa cells depleted of endogenous dynamin 2 as described above were co-transfected with plasmids encoding eGFP or dynamin 2-eGFP and mRFPclathrin-light-chain. 72 h after siRNA transfection, cells were analysed by total internal reflection fluorescence (TIRF) microscopy using a Nikon Eclipse Ti (Andor sCMOS camera, Okolab incubator, Nikon PerfectFocus autofocus system, 603 TIRF-objective, operated by open source ImageJ-based Micromanager software 44 ). For live imaging, cells growing on glass coverslips were kept in Hank's balanced salt solution with 5% fetal bovine serum. From 180 s dual-colour TIRF recordings with a frame rate of 0.5 Hz, kymographs were created by selecting a line of pixels from an individual cell and depicting this line over the duration of 90 frames. Molecular dynamics simulation and modelling. Molecular dynamics (MD) simulations of the stalk and the pleckstrin homology (PH) domain (residues 322 to 710) were carried out for the wild type and the K361S mutant, each using three different setups: (1) the crystal structure coordinates of chain C superimposed to chain B were taken as starting point; (2) starting from setup 1, the PH domain was moved 5 Å away from the stalk; and (3) the PH domain was absent.
Setups 1 and 2 were used in order to study the conformational equilibrium of stalk-PH domain interactions. The loops joining the stalk to the PH domain (residues 495 to 511 and 628 to 640) were generated for each setup and mutant using VMD (visual molecular dynamics) 45 and were minimized and equilibrated separately. The aim of the setup 3 was to study the intrinsic conformational dynamics of the L1N S loop when the PH domain is dissociated from the stalk. The coordinates of each setup and for each mutant were used to construct an allatom molecular model and run MD simulations in explicit solvent with GROMACS 46 using the CHARMM27 force field 47 . For the setup and equilibration procedure, hydrogen atoms were added based on the heavy atom coordinates followed by an initial energy minimization. The protein was then solvated in a water box with a solvation layer of at least 10 Å , resulting in an overall system of between 70,000 and 80,000 atoms (depending on the initial structure). Na 1 and Cl 2 ions (100 mM) were added to buffer the system and obtain an overall neutral simulation cell. The solvated and ionized system was again minimized and equilibrated in the NVT (canonical) ensemble at 300 K with position constrains on the protein heavy atoms. A second equilibration was carried out in the NPT (isothermal-isobaric) ensemble, again with position constrains, followed by a 1 ns equilibration without constrains. The equilibrated coordinates and velocities were used as the starting point for twenty 100-ns production runs for each setup and with both wild type and mutant K361S, giving rise to a total of 12 microseconds of molecular dynamics data. Analysis with Markov state models. The conformations of the L1N S loop and the stalk-PH domain patterns can be well characterized by their hydrogen bonding patterns within the loop or between stalk and PH domains. Here, 21 residue pairs, shown in Extended Data Fig. 7d , were selected that can form hydrogen bonds or salt bridges. The Ca distances of these residue pairs were evaluated in order to obtain a low-dimensional representation of the respective configuration. These distances were used to build Markov state models 21-23,48,49 of setup 3 (L1N S loop) and using both setups 1 and 2 for the PH-domain-stalk interactions using the EMMA program (http://pyemma.org) 50 . The microstates of the Markov state models were obtained by regular spatial clustering in the distance space 48 . The distance cutoff for the regular spatial clustering was chosen to obtain around 500 microstates. Using a cutoff of 10.75 Å for the wild type and a cutoff of 9 Å for the mutant K361S resulted in 550 and 584 microstates, respectively. The lag-timedependent relaxation timescales, indicating approximate Markovianity 51 at lag times of 20 ns or larger, are shown in Extended Data Fig. 7 . Reversible transition matrices were then estimated at a lag time of 20 ns. The microstates of each Markov state model were clustered into a set of three to four metastable states using the robust Perron cluster analysis 52 . At this resolution, the metastable states sampled by the different mutants can be clearly associated between wild type and mutant, as shown in Fig. 3c . The Markov model was used to generate random trajectories shown in Fig. 3d as described in ref. 23.
Extended Data Figure 1 | Characterization of the dynamin 3 construct. a, Top: the domain structure of dynamin 3. The previously used sequencederived domain nomenclature is shown below. Bottom: a dynamin 3 monomer colour-coded according to the domain architecture. b, SDS-PAGE representing a typical purification of dynamin 3. M, marker proteins; NI, whole-cell-lysate non-induced; SN, supernatant of cleared lysate; E, elution peak of the Talon-Co 21 column; CL, after cleavage with TEV protease; P, pool after gel filtration. c, Representative electron density map (stereo view). Two stalk helices are shown as stick models, the 2F o 2 F c map is contoured at 1.0s. Raw data for b is available in Supplementary Information.
Extended Data Figure 2 | Dimerization of dynamin 3. a, Superposition of dynamin 1 (grey; PDB code: 3SNH) and dynamin 3 (magenta and green) dimers, colour-coded as in Fig. 1 . The stalk arrangement in dynamin 3 is essentially the same as in dynamin 1. b, Interface 2 in dynamin 3. The view is rotated by 90u with respect to a. The zoom shows the side chains of residues involved in interface formation. Residues, whose mutation render dynamin 1 and dynamin 3 monomeric, are marked with an asterisk. c, Top: stalks of the dynamin 3 tetramer, as seen in the crystal structure (left). Dynamin dimers (dark and light blue) are formed via interface 2 (I2) and assemble into the tetramer via interfaces 1 and 3 (I1 and I3, respectively). In alternative dimerization models (middle and right) 52 , dynamin monomers assemble via interface 1 (middle) or interface 3 (right) to form elongated dimers of different shapes. Bottom: arrangement of stalks of a dynamin 1 as fitted into a cryo-EM density map of a super-constricted dynamin 1 helix (PDB code: 4UUD) 26 . d, Oligomeric state of dimer interface mutants, as assayed by analytical ultracentrifugation at a protein concentration of 20 mM. The following molecular masses were obtained from c(s) analyses: dynamin 1(R361S/R399A) (176 kDa, dimeric) in dark blue; dynamin 1(I481D/H687D/L688S) (84 kDa, monomeric) in light blue; dynamin 3(K361S/R399A) (165 kDa, dimeric) in red, dynamin 3(I481D/H677D/L678S) (83 kDa, monomeric) in black. . It probably disturbs the structural integrity of this loop and therefore might interfere with oligomerization. d, Clathrin-coated pit dynamics in HeLa cells expressing interface 3 mutants of dynamin 2. HeLa cells treated with dynamin 2 siRNA were co-transfected with plasmids encoding eGFP or siRNA-resistant dynamin 2-eGFP and mRFP-clathrin-light-chain, and live cells were imaged at 37 uC by TIRF microscopy. Shown are representative time-resolved line scans (kymographs) from at least ten time-lapse recordings of individual cells. Attenuated clathrin-coated pit dynamics upon depletion of endogenous dynamin 2 are only rescued by re-expression of wild-type but not mutant dynamin 2-eGFP. Note that the dynamin 2 mutants tested displayed a more diffuse subcellular distribution although they were still recruited to clathrincoated pits.
Extended Data Figure 4 | Localization of the PH domain in the tetramer. a, Superposition of an outer dynamin molecule (magenta) and an inner molecule (green) of the dynamin 3 tetramer. The comparison reveals an ,40u rotation of the G domains and BSEs. Furthermore, the PH domain is visible only in the outer molecule. b, Superposition of the stalk and PH domain in dynamin 1 (grey) and dynamin 3 (magenta). c, Connectivity of PH domain and stalk in the outer molecule. Shown are the stalk and PH domain of an outer molecule (magenta) and the stalk of the corresponding inner molecule (green) from a dimer. Since the gap of ,58 Å between V629 of the PH domain and P643 of the inner stalk is too large to be spanned by the missing 13 residues (grey dashed line), we can unambiguously assign the PH domains in dynamin 3 to the outer stalks (black dashed lines). All other potential connections including molecules from the second dimer or symmetry-related tetramers span even larger distances (not shown). In the crystal structures of dynamin 1, an unequivocal assignment of the PH domain to a specific stalk was not possible, due to the long unresolved linker regions between the stalk and the PH domains. Concomitantly, the impact of the interface between stalk and PH domain has not been generally recognized 53 . d, The outer PH domains are clearly defined in the electron density (left panel), whereas no density for a PH domain is observed in the equivalent position at the inner stalks (right panel). The density visible in the right panel corresponds mainly to a G domain from a symmetry-related molecule. The 2F o 2 F c electron density is contoured at 1.0s. e, Modelling of a PH domain (grey) relative to an inner stalk (green) in the same geometry as seen in the outer molecules leads to steric clashes (black oval) with an adjacent stalk (blue).
Extended Data Figure 5 | The PH domains regulate oligomerization of dynamin. a, In the absence of liposomes, a dynamin 3 variant lacking the PH domain (DPH) was sedimented more efficiently than wild-type dynamin 3 (WT). Both DPH and wild type lacked the PRD. The proteins were sedimented by ultracentrifugation after 20 h of incubation at low salt concentrations (60 mM NaCl) in the presence of the non-hydrolysable GTP analogue GMPPCP. S, supernatant; P, pellet fraction. b, c, Representative negative-stain electron micrographs of wild type (b) and DPH (c) under the same conditions as in a. For each protein, at least eight micrographs were recorded. Both constructs showed oligomeric ring structures, similar to structures seen for full-length dynamin 7 . Our data indicate that oligomerization of dynamin does not require membrane binding, but membrane binding requires oligomerization (Fig. 2) . d, In liposome co-sedimentation assays, dynamin 3 bound to Folch liposomes independently of their size. Not extr., not extruded. e, At physiological salt concentrations (150 mM NaCl), dynamin 3 efficiently tubulated unfiltered Folch liposomes. In contrast, DPH did not decorate the liposome surface and did not induce liposome tubulation. For each setup at least 12 micrographs were recorded. f, When expressed in HeLa cells, dynamin 2(DPH) formed large cytosolic aggregates that did not co-localize with mRFPclathrin. Arrowheads indicate co-localization for wild-type dynamin 2. Shown are magnified insets of representative images from at least 20 individual cells, acquired by TIRF microscopy. g, Dynamin 2(DPH) was dominantnegative in transferrin uptake assays. Data shown represent mean 6 s.e.m., the number of independent experiments is indicated in the bar. Raw data for a and d is available in Supplementary Information.
Extended Data Figure 6 | Mutational analysis of the interface between PH domain and stalk. a, Analytical gel filtration analysis for wild-type dynamin 3 and the mutant R518D. The proteins were pre-incubated for 10 min at 22 uC or 37 uC. When pre-incubated at 37 uC, only R518D showed a higher molecular weight species. AU, arbitrary units. b, Intrinsic GTPase activity of wild-type dynamin 3 and the mutant R518D at 37 uC in the absence of liposomes. The lines represent linear fits of GTP hydrolysis versus time. For R518D, a biphasic behaviour of the GTPase activity was apparent (for wild type: k obs 5 0. ). This biochemical behaviour is reminiscent of dynamin 1 mutants in the PH-domain-stalk interface that show increased oligomerization and GTPase rates when incubated at 37 uC 20 . Perturbations in this interface appear to promote oligomerization of dynamin, pointing to an autoinhibitory function of this interface for oligomerization. The average of two independent measurements is shown with deviations ranging from 0% to 0.05% for wild type and 0% to 0.62% for R518D. c, Analytical ultracentrifugation experiments for the indicated dynamin 3 variants, as in Fig. 2a . For the mutant K361S that sediments as a single species, a molecular mass of 164 kDa could be obtained from c(s) analysis, indicating that this mutant forms dimers in solution. d, Liposome cosedimentation analysis for the indicated mutants. S, supernatant; P, pellet fraction. e, GTPase activity of the indicated mutants in the absence and presence of liposomes. Shown is the average of two independent measurements, with deviations ranging from 1% to 11%. f, Ability of dynamin 2 mutants to rescue defective CME of transferrin in absence of endogenous dynamin 2. The assay was performed as described in Fig. 2d . R518 in dynamin 3 corresponds to R522 in dynamin 2 and the R522H mutation in dynamin 2 is implicated in centronuclear myopathy. Data shown represent mean 6 s.e.m., the number of independent experiments is indicated in the bar. Note, we generally observed that the GTPase experiments were the most sensitive indicators of structural perturbations induced by mutations. Compared to membrane binding assays, GTPase assays appear to be more sensitive to the actual architecture of the dynamin oligomer and alterations induced by point mutations. Transferrin uptake assays could be influenced by cellular factors, such as BAR-domain protein that may stabilize mutant dynamin forms with deficits in oligomerization. Raw data for d is available in Supplementary Information. RESEARCH LETTER
